A sites are highly conserved between species, suggesting the evolutionary importance of the The 'writer', 'eraser', and 'reader' of m 6 A modification have been reported.
These discoveries have greatly facilitated our understanding of the functional significance of m 6 A.
Emerging evidence suggests that m 6 A has critical roles in regulating diverse mRNA activities, from processing to localization and translation. Therefore, reversible m 6 A modification represents a new and crucial layer of gene expression regulation in eukaryotes. modification [13, 14] . There is general agreement that m 6 A is highly enriched at 3 0 untranslated regions (UTRs) [13, 14, [20] [21] [22] , and early meRIP-seq studies suggested that m 6 A is located near stop codons [13, 14, 16] . However, a later study with improved detection resolution suggested that m 6 A sites are present in 3 0 -UTR, but there is no preference for m 6 A to locate around stop codons [21] . Some m 6 A modifications have also been found flanking 5 0 -and 3 0 -splice sites of exons, spatially overlapping with binding sites for mRNA splicing factors [27, 28] , suggestive of a splicing function. Since N 6 , 2 0 -O-dimethyladenosine (m 6 Am), a modification that occurs exclusively on the first nucleotide of mRNAs [29] , can also be recognized by anti-m 6 A antibody, m 6 A abundance at 5 0 -UTRs remained unclear until a recent study distinguished these modifications using improved technology. This study showed m 6 Am enrichment at transcription start sites [22] . By contrast, lower m 6 A levels were detected at 5 0 -UTRs [22] . Nevertheless, the same group later reported that m 6 A but not m 6 Am at the 5 0 -UTR regulates cap-independent mRNA translation [30] .
One limitation of the original meRIP-seq method is its relatively low resolution: m 6 A can be mapped within a 100-200-nucleotide transcript region but precise positions cannot be identified A at almost single-nucleotide resolution [15] . Additionally, a photo-crosslinking-assisted m A -seq) has been used to improve resolution [20] (Table 1) . In 2015, two groups adapted ultraviolet (UV) CLIP (crosslinking immunoprecipitation) to accurately locate tens of thousands of m 6 A residues in mammalian mRNAs with single-nucleotide resolution [21, 22] (Table 1) A base modifications [37, 38] (Table 1) ; and (iii) ligation-based assays, such as site-specific cleavage and radioactive-labeling followed by ligation-assisted extraction and thin-layer chromatography (SCAR-LET) [39, 40] (Table 1) . Although these methods cannot yet be carried out in a high-throughput manner comparable with meRIP-seq and some are applicable to only specific transcripts, they provide a complementary approach to confirm specific m A began during the 1990s [41, 42] . Methyltransferase-like 3 or METTL3 (also known as MTA-70) was reported as a putative m 6 A methyltransferase in 1997 [43] . Not until 2014 did four studies [17, 19, 28, 44] report significant interaction between METTL3 and the previously uncharacterized protein METTL14, which also harbors an MTA domain [17, 19, 28, 44, 45] . Two of the studies reported that a combination of METTL3 and METTL14 showed remarkably greater in vitro methyltransferase activity than did METTL3 or METTL14 alone, suggesting that they functioned synergistically [19, 44] (Figure 1 ). This prediction was confirmed by recent reports of the crystal structure of a METTL3/METTL14 heterodimer [46] [47] [48] . Those studies focused on the METTL3 or METTL14 methyltransferase domain and adjacent motifs and were based on ligand-free, methyl group donor S-adenosyl methionine (SAM)-bound states [46] [47] [48] . Interestingly, previous studies [19, 44] reported that METTL14 displayed higher methyltransferase activity than did METTL3 in in vitro methylation assays, suggesting METTL14 as the predominant catalytic subunit. By contrast, structural analysis supports a model in which METTL3 serves as the catalytic subunit, which binds SAM, while METTL14 has a structural role and potentially functions in RNA substrate binding via the positively charged groove formed between METTL3 and METTL14 [46] [47] [48] . One particular structural study suggested that, while both METTL3 and METTL14 display a predicted catalytic motif, the METTL14 SAM-binding domain is blocked, while that of METTL3 is hollow, allowing binding [47] . The authors of that study suggested that high METTL14 activity in a methylation assay was due to METTL3 contamination [47] , explaining conflicting conclusions emerging from biochemical versus structural studies. As yet, the structure of a METTL3/METTL14 RNA complex has not been solved, an achievement that would provide important information relevant to substrate sequence specificity.
The RRACH motif has been identified as being enriched at m 6 A sites; however, only a small fraction of RRACH motifs exhibit m 6 A [13, 14] . How METTL3/METTL14 is recruited to a specific transcript and why some RRACH motifs become modified and others do not remains poorly understood. It is hypothesized that RNA-binding proteins (RBPs) interacting with METTL3/ METTL14 may recruit these proteins. Several METTL3/METTL14-interacting proteins have been identified. The most well established is Wilms tumor 1-associated protein (WTAP), which is an RBP that displays high affinity to METTL3/METTL14 [17, 28] (Figure 1 ). METTL3/WTAP interactions are conserved in yeast [49] . Although WTAP does not alter METTL3/METTL14 methyltransferase activity in vitro, its loss promotes transcriptome-wide m 6 A depletion in cells [17, 28] , demonstrating that it is required for m 6 A modification and suggesting that it directs METTL3/ METTL14 onto targets via RNA-binding activity. Indeed, WTAP PAR-CLIP analysis reported direct WTAP binding to RNA and m 6 A enrichment at WTAP/RNA-binding sites [28] . Nonetheless, how WTAP recognizes RRACH motifs and facilitates methylation of adenosine within them is unknown. In addition to WTAP, 13 other proteins have been identified in a METTL3-interacting protein network [17] . Knockdown of one, KIAA1429, decreased the global m 6 A levels [17] .
Functions of other proteins identified in the network remain unknown. manner [7, 50] . FTO was first shown to demethylate 3-methylthymine on single-stranded DNA (ssDNA) [51] . Later, a group showed that FTO demethylates 3-methyluridine in ssRNA [52] in vitro. In 2011, the same group reported that m 6 A -modified RNA was the primary FTO substrate [7] . Overexpression of FTO or ALKBH5 in cells decreases global m 6 A levels, but knockdown or knockout of either only mildly increases m 6 A levels [7, 50] , suggesting the existence of other demethylases or perhaps a synergy between ALKBH5 and FTO that has not yet been studied. The crystal structures of both FTO and ALKBH5 have been reported, and small-molecule inhibitors targeting their demethylase activities have been developed based on these structures [53] [54] [55] . For example, the natural product rhein, derived from herbs, is among the most effective FTO m 6 A demethylase inhibitors [56] . As yet, it is unclear whether FTO or ALKBH5 target the same or different methylated mRNAs. [63] . In addition, YTHDF1/ 2 CLIP-seq data clearly showed that YTH proteins also bind to RNA sites that lack m 6 A in vivo [18, 58] . Therefore, observations derived from these studies, which have greatly advanced our knowledge of how m 6 A exerts its function, underscore the importance of using cells engineered to lack m A also reportedly binds eukaryotic initiation factor 3 (eIF3), a critical component of translation initiation complex [30] (Figure 1) . The proposed functions of these binding are discussed below. One study reported that YTHDF2 binds to m 6 A, which then translocates mRNA from the translation machinery to processing bodies (P-bodies), where it is degraded [18] . However, a later study challenged this model by showing that YTHDF2 does not interact with core components of the P-body and that, instead, YTHDF2 directly recruits the CCR4-NOT deadenylase complex to destabilize RNAs that contain m 6 A [67] . These discrepant findings may reflect direct and indirect mechanisms on YTHDF2 regulated m 6 A-mRNA stability. In addition to YTHDF2, two groups reported that all three YTHDF proteins (YTHDF1-3) regulate HIV-1 RNA expression; one study reported that all three promoted HIV-1 RNA expression [68] , while the other reported that they repress HIV-1 RNA expression [69] . One thing that both studies agree on is that all three YTHDF proteins regulate gene expression in the same manner, in contrast to previous studies reporting that YTHDF2 destabilizes mRNA [18] , while YTHDF1 promotes protein synthesis [58] . These differences may reflect genome-wide versus gene-specific effects, but warrant future investigation.
Another study showed that m 6 A blocks mRNA binding to the mRNA stabilizer human antigen R (HuR or ELAVL1) [19] . In that study, the authors observed that whether m 6 A blocks or facilitates mRNA and HuR interaction depends on the distance between m 6 A and HuR-binding sites [19] . It is well established that secondary and tertiary structures govern RNA function [70, 71] . Since m 6 A destabilizes A/U pairing [31] [32] [33] [34] [35] [36] , it is reasonable to predict that m 6 A can alter the thermostability of an RNA duplex to change RNA secondary structure and function. Indeed, using a technology known as in vivo click selective 2 0 -hydroxyl acylation and profiling experiment (icSHAPE), which can determine endogenous RNA secondary structure, one group compared RNA base-pairing status of the m 6 A consensus motif GGACU in wildtype versus METTL3-knockout mouse embryonic stem cells (mESCs) [72] . They reported that the GGACU motif is less structured in wildtype ESCs than in ESCs lacking m 6 A, suggesting that m 6 A helps transit paired RNA to unpaired RNA [72] . Another study further demonstrated that m 6 A-mediated RNA structural changes alter RNA/protein interactions [73] . These authors reported that m 6 A on a stem-loop region of the lncRNA MALAT1 altered local RNA structure to enhance MALAT1 binding to the RBP heterogeneous nuclear ribonucleoprotein C (HNRNPC). They named this type of m 6 A-containing region an 'm 6 A-switch' and identified thousands of potential RNA sequences that could function in a 'switch' using sequential HNRNPC-PAR-CLIP followed by m 6 A-RIP-Seq in wildtype versus METTL3/METTL14-knockdown cells. Most switches were located in introns of coding and ncRNAs and potentially regulate alternative splicing [73] . A -modified mRNAs [58] . Later, two studies reported that cellular stress, such as heat shock, increases m 6 A modification at mRNA 5 0 -UTRs and promotes mRNA translation [30, 74] . One study showed that m 6 A promoted cap-independent mRNA translation in the absence of the cap-binding factor eIF4E, since m 6 A directly binds eIF3 to recruit the 43S complex, initiating translation [30] . The other study showed that, in the nucleus, heat shockinduced 5 0 -m 6 A was protected from FTO-mediated demethylation by nuclear-translocated YTHDF2 [74] . This model is supported by observations that the affinity of m 6 A RNA for the YTH domain is greater than that of m 6 A RNA for FTO [61, 62, 75] . Yet another study reported that METTL3 directly interacts with the translation initiation factor eIF3 to promote translation of a subset of mRNAs, independent of METTL3 methyltransferase activity or YTHDF1 or YTHDF2 binding [76] . It remains unclear whether and how these mechanisms coexist in cells. It would now be informative to identify RNA substrates for each of these mechanisms to understand the significance of each in normal or conditioned, such as heat-shocked, cells.
About half of mammalian m 6 A sites are located in coding sequence [13] . One study used biochemical, structural, and single-molecule methods to address the function of m 6 A modification in mRNA/tRNA interactions using Escherichia coli ribosomes as a system [77] . The authors showed that, although X-ray crystallographic analyses indicate that m A binding proteins YTHDF2 and YTHDC1, all reportedly localize in nuclear organelles known as speckles, which are enriched in pre-mRNA splicing factors [7, 18, 28, 43, 50, 59] , suggesting a role for m 6 A RNA modification in mRNA splicing ( Figure 2 ). Within the METTL3/METTL14/WTAP complex, WTAP is required for METTL3 and METTL14 accumulation in nuclear speckles and most mRNA species bound by WTAP and METTL14 were transcribed from genes known to give rise to mRNAs with multiple splicing variants [28] . Loss-of-function studies further showed that depletion of either METTL3 or WTAP results in transcriptome-wide changes in RNA splicing [28, 64] . Together, these data suggest that m 6 A methyltransferase activity regulates mRNA splicing.
One study reported that FTO depletion enhances m 6 A levels in regions flanking 5 0 -and 3 0 -splice sites and promotes binding of the splicing factor SRSF2, increasing exon inclusion [78] . ALKBH5-knockdown cells show loss of phosphorylated SC35, a marker of nuclear speckles, suggesting that ALKBH5 regulates speckle formation, an effect dependent on ALKBH5 demethylase activity [50] .
The m 6 A nuclear reader YTHDC1 reportedly binds the pre-mRNA splicing factors SRSF3 and SRSF10 competitively, and promotes exon inclusion by facilitating SRSF3 but repressing SRSF10 in their nuclear speckle localization and RNA binding [59] . Another nuclear m 6 A reader HNRNPA2B1 reportedly directly binds a set of m 6 A-tagged nuclear transcripts and modulates their splicing in a manner comparable with METTL3, as evidenced by a strong positive correlation between global changes in alternative splicing and depletion of either HNRNPA2B1 or METTL3 [64] . m 6 A Promotes mRNA Transport into the Cytoplasm ALKBH5-knockout mice showed moderate increases in m 6 A levels and accelerated mRNA export to the cytoplasm [50] (Figure 2) . As a mechanism, the authors of that study focused on the splicing factor Alternative splicing factor (ASF/SF2), because it colocalizes with ALBKH5 in nuclear speckles [50] . It is also well established that ASF/SF2 hypophosphorylation switches its function from that of a splicing factor to an adaptor protein functioning in mRNA nuclear export [79, 80] . Interestingly, ALKBH5-deficient cells not only show ASF/SF2 hypophosphorylation and loss of ASF localization to nuclear speckles, but also relocalization of the ASF/SF2 kinase Serine/ threonine-protein kinase 1 (SRPK1) from the nucleus to the cytoplasm. Thus, the authors proposed that SRPK1 relocation underlies ASF/SF2 hypophosphorylation, enhancing mRNA transport to the cytoplasm. Importantly, the observed phenotypes in ALKBH5-knockout cells can only be rescued by the overexpression of wildtype but not mutant ALKBH5 lacking demethylase activity, suggesting that m 6 A modification regulates mRNA transport. However, the exact mechanism remains unclear. A methylation of primary miRNAs facilitated primary miRNA processing by the DGCR8 microprocessor complex [81] (Figure 2 ). This group further identified HNRNPA2B1 as a nuclear m 6 A reader mediating this process [64] . Interestingly, another group reported that m 6 A levels are regulated by the miRNA machinery and by miRNAs [82] . In that study, the authors proposed that miRNA regulates m 6 A formation by modulating METTL3/mRNA binding, presumably in the cytoplasm. However, it is unclear how miRNAmodulated METTL3/mRNA binding affects m 6 A methylation, since METTL14 is a nuclear protein [76] and m 6 A methylation likely occurs in the nucleus. Nevertheless, these studies suggest the cellular interaction of two major RNA regulatory mechanisms: m 6 A mRNA modification and miRNAs. However, detailed mechanisms remain to be investigated.
Concluding Remarks and Future Perspectives
There has been an enormous expansion in our knowledge of m A mechanism and function has only just begun.
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